Abstract: This paper offers an efficient copper-catalyzed oxidative trifluoromethylation of indoles with low-cost CF 3 SO 2 Na via C-H activation. Notably, the use of a base is crucial for the trifluoromethylation of indoles. This reaction proceeds efficiently in good to excellent yields and is tolerance of a broad range of functional groups. Furthermore, melatonin, a medicine for sleep disorders, is converted to its 2-CF 3 analogue in 68% yield. Studies of possible reaction pathways suggest that this reaction proceeds through a radical process.
Introduction
The trifluoromethyl group is a privileged motif of medicinal chemistry, as it can dramatically improve the binding selectivity, solubility, lipophilicity, and catabolic stability of drug candidates [1] [2] [3] [4] [5] . As a consequence, the development of new methods for the synthesis of trifluoromethylated arenes and heteroarenes has received substantial attention [6] [7] [8] [9] [10] [11] [12] [13] . In 2010, Sodeoka reported a Cu(OAc)-catalyzed trifluoromethylation of indoles using expensive and sensitive Togni reagent as the trifluoromethyl source (Scheme 1a) [14] . However, this method is limited to dry solvents and expensive trifluoromethyl sources, and it requires long reaction times. Therefore, the identification of an alternative inexpensive and readily available trifluoromethylation agent is actively being pursued in current research [15] [16] [17] [18] [19] [20] [21] . A seminal advance in this area was developed by Langlois who reported a novel trifluoromethyl source, CF 3 SO 2 Na (Langlois reagent). Although the study was restricted to electron-rich subtrates, it greatly extended the field of trifluoromethylation chemistry [22] . Subsequently, Li et al. described the photoinduced trifluoromethylation of arenes with CF 3 SO 2 Na as the trifluoromethyl source (Scheme 1b) [23] . Very recently, the Baran group also extended the substrate scope to heterocycles with the trifluoromethyl salt in the absence of a metal catalyst; however, the reaction took 3-24 h (Scheme 1c) [24] .
Based on these procedures, we envisioned that CF 3 SO 2 Na is suitable for the trifluoromethylation of substituted indoles. Herein, we report an enhanced oxidative trifluoromethylation of unactivated indoles through a radical-mediated mechanism with commercially available CF 3 SO 2 Na as the trifluoromethyl source and KF as the base (Scheme 1d). 
Results
At the start of our work, the experiment of 3-methyl-1H-indole (1a) with CF 3 SO 2 Na (2) under various conditions was investigated (Table 1) . To our delight, the C2-trifluoromethylated indole was obtained in a 39% yield with CuI as a catalyst and t BuOOH (tert-butyl hydroperoxide, 70% solution in H 2 O) as the oxidant at 85 • C (Table 1, entry 1 ). Subsequently, we evaluated different catalyses, and Cu(II) appeared dramatically on the reaction, giving 3a in 55% yield (entries [1] [2] [3] [4] [5] . The screening of other oxidants revealed that t BuOOH was the best oxidant (entries 6-8). The effects of different solvents were compared, and the desired trifluoromethylated product was obtained in a 62% total yield in DMA (dimethylacetamide) (entries 9-15). Moreover, we were pleased to find that the presence of a base slightly improved the yield of this reaction, and KF provided a satisfying yield (entries [16] [17] [18] . Additionally, by carefully adjusting the amount of KF, the yield was further improved, and the reaction gave desired product 3a in 86% isolated yield (entry 19). Finally, performing the reaction at room temperature diminished the reaction rate and yield (entry 20).
With the optimized reaction conditions in hand, we explored the substrate scope. Our initial studies were focused on the reactions of 3-substituted and N-substituted indoles (Figure 1 ). To our satisfaction, a range of functional groups, such as linear alkyl groups, cyclic alkanes, esters, and amides, were tolerated in this reaction and provided the desired products in 47-86% (3a-3j). Notably, substrates with strong electron-withdrawing groups, such as halides and cyano, at the C3 position also reacted efficiently to give 3k and 3l in 45% and 58% yields respectively. Although the trifluoromethylation of N-benzyl indole required 12 h, it afforded the corresponding trifluoromethylated indole (3o) an excellent yield (70%). solvents were compared, and the desired trifluoromethylated product was obtained in a 62% total yield in DMA (dimethylacetamide) (entries 9-15). Moreover, we were pleased to find that the presence of a base slightly improved the yield of this reaction, and KF provided a satisfying yield (entries [16] [17] [18] . Additionally, by carefully adjusting the amount of KF, the yield was further improved, and the reaction gave desired product 3a in 86% isolated yield (entry 19). Finally, performing the reaction at room temperature diminished the reaction rate and yield (entry 20). Furthermore, a variety of substrates with functional groups on the benzene ring were also screened ( Figure 2 ). Generally, a wide range of functional groups, such as fluoro, chloro, bromo, and methoxy, were compatible with this protocol (4a-4p). In particular, halides, such as F, Cl, and Br, were well-tolerated, affording the C2-trifluoromethylated indoles in good to excellent yields (53-83%). Moreover, the newly developed protocol was successfully applied to the late-stage trifluoromethylation of complex or bioactive substances (4q-4s). Notably, melatonin, a medicine for sleep disorders, was directly converted to its 2-CF 3 analogue, 4s, in 68% yield using the optimized conditions.
To elucidate the mechanism of this reaction, radical scavenger experiments were conducted (Scheme 2). When a radical inhibitor, including TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) and BHT (butylated hydroxytoluene), was added, the reaction was dramatically suppressed, implying that a radical reaction pathway might be involved in the catalytic cycle. Based on the above results and previous literature, a plausible mechanistic interpretation is depicted in Scheme 3 [22,24- To elucidate the mechanism of this reaction, radical scavenger experiments were conducted (Scheme 2). When a radical inhibitor, including TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) and BHT (butylated hydroxytoluene), was added, the reaction was dramatically suppressed, implying that a radical reaction pathway might be involved in the catalytic cycle. Based on the above results and previous literature, a plausible mechanistic interpretation is depicted in Scheme 3 [22, [24] [25] [26] [27] [28] [29] [30] [31] . Initially, CF3SO2 -reacts with t BuOOH to form •CF3 (A). Alternatively, A could also be derived from CF3SO2 -and t BuO• (B). Subsequently, in situ-generated •CF3 species A adds to indole 1, affording radical intermediate C. Thereafter, intermediate D is formed by the oxidation of the Cu(II) catalyst, which regenerates the Cu(I) catalyst. Following deprotonation, D reacts with base to give the expected products 3 and 4. In addition, the Cu(I) catalyst is oxidized to Cu(II) by t BuOOH to complete the catalytic cycle. 
Materials and Methods
1 H NMR spectra were recorded on Bruker 500 MHz spectrometer and the chemical shifts were reported in parts per million (δ) relative to internal standard TMS (0 ppm) for CDCl 3 . The peak patterns are indicated as follows: s, singlet; d, doublet; dd, doublet of doublet; t, triplet; m, multiplet; q, quartet. The coupling constants, J, are reported in Hertz (Hz). 13 C NMR spectra were obtained at Bruker 125 MHz and referenced to the internal solvent signals (central peak is 77.0 ppm in CDCl 3 ). The NMR yield was determined by 1 H NMR using CH 2 Br 2 as an internal standard. APEX II (Bruker Inc.) was used for ESI-HRMS. 19 F NMR spectra were recorded on Bruker 470 MHz spectrometer (see Supplementary Materials). IR spectra were recorded by a Nicolet 5MX-S infrared spectrometer. Flash column chromatography was performed over silica gel 200-300. All reagents were weighed and handled in air at room temperature. All chemical reagents were purchased from Alfa, Acros, Aldrich, and TCI, J&K and used without further purification.
A dry Schlenk tube was charged with 1 (0.5 mmol), 2 (1.5 mmol), CuSO 4 (12.5 mg, 10 mol%) and KF (14.7 mg, 50 mol%). DMA (dimethylacetamide, 3.0 mL) was added under argon, and the mixture was stirred at room temperature. tert-Butyl hydroperoxide ( t BuOOH, 70% solution in H 2 O, 2.5 mmol) was dropped into the mixture under argon at room temperature. The resulting mixture was stirred at 85 • C for 1 h. Once the mixture was cooled to room temperature, the solvent was removed under reduced pressure. The crude product was purified by flash column chromatography on silica gel (ethyl acetate/petroleum ether) to give product 3 or 4. Chloro-3-methyl-2-(trifluoromethyl)-1H-indole (4d). (78 mg, 67%) 
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